Introduction
Short-chain aliphatic amines are widely distributed in aquatic environments because these are generated in large amounts through natural and anthropogenic processes, and are easily dissolved in water. Anthropogenic generation mainly occurs through the manufacture of chemicals such as plastics, dyes, drugs, antioxidants, explosives, and petrochemicals. 1 Natural processes that contribute to the formation of these compounds mainly include the biodegradation of organic materials, such as amino acids and proteins. Short-chain aliphatic amines have an unpleasant smell, 2 and also sensitize and irritate the skin, eyes, mucus membranes, and respiratory tract. Moreover, these compounds can react with nitrite to form potential nitrosamine carcinogens. 3 Therefore, it is important to determine the concentrations of these compounds in aquatic environments.
Although many liquid-chromatography (LC) methods have been reported for the analysis of short-chain aliphatic amines in aqueous media, [4] [5] [6] [7] [8] these methods normally involve two separate steps, i.e., derivatization and extraction. The derivatization step is required because amines adsorb strongly to LC reversed-phase columns, and cannot be detected by the UV detectors used in LC systems. Therefore, amines have to be transformed into hydrophobic and UV-absorbing dansyl amines. 6 An extraction step is necessary because amines are present at low concentrations in water. One drawback is that volatile and toxic organic extractants are generally used for extraction.
Room-temperature ionic liquids (RTILs) [9] [10] [11] are ionic media that are in a liquid state at temperatures below approximately 25 C. Such compounds normally consist of inorganic anions (e.g., PF6
-) and relatively large organic cations (e.g., 1-alkyl-3-methylimidazolium). Unlike organic solvents, RTILs have extremely low volatility and inflammability.
The hydrophobicity of RTILs can be specifically tailored to improve the extraction of a particular compound, [12] [13] [14] Here, we report on a procedure in which ultrasonic waves were used to mix a water-ionic liquid two-phase system to simultaneously derivatize amines with dansyl chloride and extract, and the resulting dansyl amines into an ionic liquid (IL) at room temperature within 15 min. The ILs used were room-temperature ionic liquids (RTILs), such as 1-alkyl-3-methylimidazolium hexafluorophosphate ([CnMIM] [PF6], n = 4, 6, 8), which are insoluble in water, and can extract more than 88% of the total dansyl amines (Dns-amines) present in aqueous solution. The Dns-amines formed were separated by chromatography in 20 μL of RTIL in a mobile-phase gradient of acetonitrile-water flowing through an Agilent Zorbax SB-C18 column. The eluents were analyzed at 333 nm using a UV detector. The optimal analytical conditions were achieved by using the following: RTILs with a 4-carbon alkyl chain; a 7-mL water sample and 1 mL each of 5 mM dansyl chloride in acetone and 20 mM sodium tetraborate buffer for use with a fixed volume (1 mL) of IL; buffer pH of 10.4; duration of 15 min; and an acetonitrile-water ratio of 50:50 from zero time to 3 min, 80:20 from 4 to 10 min, and 50:50 from 11 to 16 min. In comparison to the single-phase hot-water (70 C) derivatization process reported earlier, the simultaneous process developed here showed a higher derivatization efficiency at the tested concentration. The linear range of analysis (0.14 -7.14 mg/L) was determined, and the correlation coefficient (R) ranged from 0.9878 to 0.9980. Furthermore, the estimated percentage of recovery from amine-spiked river-water samples ranged from 76 to 108%. The method presented here is simple and fast, and does not involve the use of volatile organic extractants. in which the primary amines in river water were derivated and extracted simultaneously with special equipment, "dynamic hollow fiber liquid-phase microextracion". 16 In this paper, we present a new approach, which is to use ultrasonic waves for such mixing. Therefore, the objective of this study was to test the feasibility of using RTIL, [CnMIM] [PF6], to simultaneously derivatize and extract primary short-chain aliphatic amines from water by a continuous ultrasonic mixing of the two RTIL and water phases. The optimum conditions for the process were also determined. The method presented here is simple and fast. Moreover, since it does not involve the use of toxic organic extractants, it is environmentally friendly.
Experimental

Reagents and solutions
The following primary short-chain aliphatic amines were examined: n-propyl-amine (PrA), n-butyl-amine (BA), diethylamine (DEA), n-pentyl-amine (PeA), and n-hexyl-amine (HA). The precursor compounds for the synthesis of the three RTILs, i.e., 1-butyl-, 1-hexyl-and 1-octylimidazolium
, were n-butyl bromide, n-hexyl bromide, n-octyl bromide, and 1-methylimidazole. Dansyl chloride (Dns-Cl) was used to derivatize the amines into dansyl-amines (Dns-amines). All of the above chemicals were obtained from Fluka (Steinheim, Germany). Sodium tetraborate decahydrate, acetone, and sodium hydroxide were purchased from Shanghai Chemical Reagent Factory (Shanghai, China). The above-mentioned chemicals were of analytical grade. Hexafluorophosphoric acid was obtained from Acros Organics (Geel, Belgium). Acetonitrile and methanol were obtained from TEDIA (OH, USA) and were of HPLC grade. Deionized or HPLC-grade water was used. For HPLC analysis, all solvents were filtered through a 0.45-μm membrane.
Stock solutions (1000 mg/L) of the amine compounds were prepared by dissolving the pure compounds in water. Working solutions were obtained by diluting the stock solutions in water. The dansyl chloride solution (5 mM) was prepared by dissolving the pure compound in acetone. A sodium tetraborate buffer solution (20 mM and pH 10.4) was prepared. All solutions were stored in the dark at 4 C.
RTIL synthesis
The three [CnMIM] [PF6] compounds were synthesized by a two-step reaction: [17] [18] [19] synthesis of [CnMIM]Br and a formation of [CnMIM] [PF6]. In the first step, equal amounts (0.2 mol) of 1-methylimidazole and n-alkyl bromide were added to a round-bottomed flask fitted with a reflux condenser, and the reaction was carried out at 90 C for 8 h. In the second step, hexafluorophosphoric acid (0.13 mol) was slowly added to [CnMIM]Br (0.1 mol) placed in 100 mL of water, and the reaction was continued under stirring for 12 h. The RTILs (formed as a layer under water) were washed with water until the washes were no longer acidic, and then cleaned up with Al2O3. These were then dried under a vacuum at 80 C. Since hexafluorophosphoric acid is highly corrosive and toxic, it must be handled with care.
Derivatization and extraction
The amines were simultaneously derivatized and extracted by successively adding the following to a test tube with a plug: a 7-mL of the amine working solution (0.1 to 10 mg/L), a 1-mL sodium tetraborate buffer solution (20 mM, pH 10.4), a 1-mL dansyl chloride solution in acetone (5 mM), and a 1-mL [CnMIM] [PF6] IL. The mixture was reacted for 15 min with ultrasonic mixing (HS3120T Hengao T&D, Tianjin, China), and the RTIL phase was allowed to separate from the aqueous phase. The sample volume, buffer volume and pH, dansyl chloride volume, duration of reaction, and alkyl-chain lengths of the RTILs were varied to optimize the above procedure for use with a fixed volume (1 mL) of IL.
The performance of the optimized procedure was compared with that of the hot-water derivatization procedure (in which no IL was used) reported by Meseguer-Lloret et al. 6 In the hot-water procedure, a 2-mL amine solution was mixed with 1 mL each of carbonate buffer (20 mM, pH 9) and a dansyl chloride solution in acetone (5 mM). The mixture was incubated at 70 C for 10 min, and a sample was removed from the mixture and repeatedly analyzed by HPLC three times. The peak area of the response for each individual amine was A, and this was calibrated to assume 100% conversion of the analyte into the corresponding Dns-amine. To investigate the effect of the IL on the extraction efficiency of Dns-amines, 1 mL of [C4MIM][PF6] was added to the derivatized solution after derivatization by a method described by Meseguer-Lloret et al., 6 and the mixture was shaken to ensure complete mixing. After dividing the mixed solution into two phases, a sample was removed from the IL phase and subjected to HPLC analysis. The response area of each amine in the sample was taken as B, and the IL extraction efficiency was calculated as B/4A × 100. To investigate the efficiency of amine derivatization by our optimized procedure, this method was also performed in parellel. The response area of each amine in the sample was taken as C, since the volume of IL was 1 mL, and that of a hot water is 4 mL, so the IL derivation efficiency was calculated as to be C/4A × 100.
The performance of our optimized procedure was also evaluated by analyzing real water samples taken from a river passing through Ningbo Institute of Technology. The samples were spiked by adding 5, 10, and 20 μg of each amine to 7 mL of water samples. The percentage recovery from the spiked river water samples was calculated while assuming 100% recovery from the amine working solutions.
HPLC analysis
A 20-μL IL or aqueous solution containing Dns-amines was injected into an HPLC system (Agilent 1100 Series, USA) equipped with a quaternary pump. The Dns-amines were separated at 30 C in an acetonitrile-water mobile phase flowing at 1 mL/min through an Agilent Zorbax SB-C18 column (250 × 4.6 mm; particle size, 5 μm). The acetonitrile-to-water ratio was programmed as follows: 50:50 from zero time to 3 min, 80:20 from 4 to 10 min, and 50:50 from 11 to 16 min. Using this program, the retention times were 7.7 min for propylamine, 8.5 min for butylamine, 9.0 min for diethylamine, 9.4 min for pentylamine, and 10.6 min for hexylamine (Fig. 1A) . The elution order was consistent with the polar character of these compounds, which decreased with an increase in the alkyl chain length; this was verified for each of the compounds. The eluent from the Dns-amine separation was analyzed at 333 nm using a UV detector (Agilent 1100 Series, USA) linked to a data system (Hewlett-Packard HPLC ChemStation) for data acquisition and storage. The PF6 -anion is often hydrolyzed to form F -, which often damages silica-based columns. To avoid IL remaining in columns, the acetonitrile mobile phase was used to elute a column after each experiment.
Statistical analysis
All data presented here are the averages of triplicate experiments. The relative standard deviation (RSD) was calculated to illustrate the reproducibility across different derivatization procedures.
To determine a linearity, the concentration ranges and correlation coefficients of linear regressions were determined by using a simple linear regression model.
Results and Discussion
Selection of the RTIL
The alkyl moiety of [CnMIM] [PF6] has a significant influence on the properties of this compound, such as its density, viscosity, and solubility, 17 and can therefore affect the efficiency of a derivatization and extraction of the amines. Therefore (Fig. 1) . In addition, we found that [C4MIM][PF6] could dissolve dansyl chloride and extract (through wrist shaking) 88 to 95% of the Dns-amines formed by the hot-water derivatization procedure (see Table 1 ). Therefore, [C4MIM][PF6] was selected as the RTIL for subsequent experiments. However, it should be noted that a peak separation with the two other RTILs could be improved by changing the mobile-phase composition and programming conditions.
Selection of the volume of amine working solution
To increase the enrichment factor of the simultaneous process, working solutions ranging in volume from 2 to 10 mL and containing a total of 40 μg of the amine mixture were tested. The peak areas of the studied amines basically remained constant with an increase in the working solution volume from 2 to 8 mL, and then decreased with a further volume increase. Because the RTIL volume was 1 mL, the maximum enrichment factor was 8. When the working solution volume was more than 10 mL, the RTIL volume decreased to less than 1 mL, which might be due to the dissolution of [C4MIM][PF6] in water. In our experiments, we selected 7 mL as the volume of the amine working solution, and obtained an enrichment factor of 7.
Selection of the concentration of dansyl chloride solution
To investigate the effect of a dansyl chloride solution concentration on derivatization, the dansyl chloride solution were fixed at 1 mL; its concentration was from 3.5 to 6.5 mM. The peak areas of the studied amines reached to the maximum when the dansyl chloride solution concentration reached 4.5 to 6.5 mM, except in the case of diethylamine, in which case the peak area further increased with an increase in the dansyl chloride solution concentration (Fig. 2) . Based on these results, we used 5.0 mM 1 mL the dansyl chloride solution. We found that when acetone containing Dns-Cl was added into IL, acetone containing Dns-Cl dissolved in IL, but after 2 mL of water was added to IL containing acetone, an acetone dissolved in water while dansyl chloride was extracted into an IL phase.
Selection of buffer pH and volume
The peak areas of the studied amines increased to the maximum value when the pH of the sodium tetraborate buffer (20 mM) was in the range of 9 to 11 (Fig. 3) . From Fig. 3 , it should be noted that the amines could be derivatized even at pH 6, which is impossible with the method reported by Meseguer-Lloret et al. 6 These authors reported that aliphatic amines had to be derivatized at basic pH values in the aqueous media they used. Especially, our result at pH 6 indicated that the RTIL had a certain catalytic effect, and that it can promote phase separation of the derivatized products (Dns-amines) from water to the IL phase. Moreover, the yield of a studied amines was increased along with an increase of the pH value; therefore, we proposed a possible extraction mechanism, which can be described as follows. At a relatively high pH, sulfonamides can deprotonate to form anionic species. Furthermore, many ionic species can be extracted into hydrophobic ILs via an ion-exchange process.
The effect of a volume on derivatization was tested for sodium tetraborate buffer (20 mM, pH 10.4). When volume was 0.5 -0.8 mL, the peak areas of the studied amines increased with increasing volume. The peak areas of the studied amines basically remained constant with an increase of the buffer volume from 1 to 2 mL, The volume of sodium tetraborate buffer (20 mM, pH 10.4) was recommended to be 1 mL.
Selection of the time duration of the simultaneous process
The effect of time on the derivatization was investigated. The peak areas of the studied amines increased with time, increasing from 0 to 15 min, but not show any apparent increase after a reaction time of 15 min. Therefore, 15 min at room temperature was the recommended reaction time. In the experiment, the results of derivatization obtained by using mechanical shaking often represent bad repeatability, as compared with those by using ultrasound. Moreover, separation of the IL/water phase was difficult when using vigorous mechanical shaking.
Evaluation of the optimized procedure
The derivatization of amines was unsuccessful in water at room temperature in the absence of either IL or ultrasonic; however, the procedure was successful in the presence of both IL and ultrasonic at room temperature for 15 min. The peak areas of the Dns-amines produced from the optimized simultaneous procedure were approximately 140% (IL derivatization efficiency in Table 1 ), larger than those produced by a method 6 in which hot water (70 C) was used for 10 min. The results indicated that derivatization of amines in an IL procedure were more efficient than that in hot water. The IL extraction efficiency of the Dns-amines reached high levels from 88% for Dns-PrA to 96% for Dns-DEA (Table 1) , indicating a higher derivatization efficiency, and thus more complete derivatization of this procedure in testing the amine concentration. This was probably due to continuous extraction of the derivatized amines formed in the water phase into the IL phase, which promoted the reaction in the direction of derivatization.
The reproducibility of the simultaneous procedure was 5 to 9% of the RSD (n = 3) when the amine working solution concentration was 5.7 mg/L. The linearity of the simultaneous procedure was studied over the concentration range of 0.14 -7.14 mg/L for any one of the five amines studied, and the correlation coefficients ranged from 0.9878 to 0.9980 ( Table 2) .
The applicability of the proposed method was evaluated in river-water sample, the aliphatic amines were tested for the river-sample, and no aliphatic amines of sample were found at the limit of determination. Then, the sample was spiked with 5, 10 and 20 μg amounts of aliphatic amines; the results are reported in Table 3 , they indicate that the RSD values for the spiked river-water samples ranged from 1.2 to 17% (Table 3) ; the percentage recovery from the spiked river-water samples was estimated to a range from 76 to 108%, and tended to increase with an increase in the spiking amount of a amines ( Table 3 ). The recovery rate of diethylamine was relatively lower than that of other amines. The chromatograms of the spiked river-water samples are shown in Fig. 4 . 0.14 -7.14 0.14 -7.14 0.14 -7.14 0.14 -7.14 0.14 -7.14 Y = 21.982x + 13. 
Conclusions
This study demonstrated that [C4MIM][PF6] could be successfully used to simultaneously derivatize primary short-chain aliphatic amines with Dns-Cl, and to extract the Dns-amines thus formed from water. In comparison to the single-phase derivatization procedure in which hot water (70 C) is used, our newly developed procedure, which employs an ultrasonic-mixed water-ionic liquid two-phase system, can promote the derivatization of amines with Dns-Cl. This probably occurs through transfer of the derivatization products of the Dns-amines from the water phase to the IL phase, which increases the derivatization efficiency of this procedure. Furthermore, this ultrasonic-based procedure showed good reproducibility, satisfactory linear ranges, and reasonable recovery rates from amine-spiked river water samples. It was simple and fast, and the reaction conditions were mild. Moreover, since toxic organic solvents are not required, it is environmentally friendly.
